Abstract This review summarises the biology, discovery and applications of single nucleotide polymorphisms in complex polyploid crop genomes, with a focus on the important oilseed crop Brassica napus. Brassica napus is an allotetraploid species, and along with soybean and oil palm is one of the top three most important oilseed crops globally. Current efforts are well underway to de novo assemble the B. napus genome, following the release of the related B. rapa 'A' genome last year. The next generation of genome sequencing, SNP discovery and analysis pipelines, and the associated challenges for this work in B. napus, will be addressed. The biological applications of SNP technology for both evolutionary and molecular geneticists as well as plant breeders and industry are far-reaching, and will be invaluable to our understanding and advancement of the Brassica crop species.
Introduction to Brassicas
The Brassicaceae family comprises some of the most economically important food crops in the world. Of particular significance are the Brassica species, which include more agricultural and horticultural crops than any other plant genus (Taiyan et al. 2001) . The six major cultivated Brassica species exist as either diploids (B. rapa (AA genome), B. nigra (BB genome) and B. oleracea (CC genome)) or allotetraploids, which contain two diploid sets of chromosomes (B. napus (AACC), B. juncea (AABB) and B. carinata (BBCC)). The genetic relationship between these species was first discovered by Morinaga (1934) and visualised by Dr Woo Jang-choon in 1935 (U 1935) . These researchers concluded that the three cultivated allotetraploid species were derived from spontaneous interspecific hybridization between the three diploid progenitors.
Four of the 'U' triangle species are cultivated as oilseed crops. The oil extracted from the seed is widely used for both human consumption and industrial purposes. Brassica napus (canola/oilseed rape) is the most economically important of these Brassica oilseeds, and is responsible for the majority of the world's Brassica-derived vegetable oil supply, comprising 14% of total oilseed production globally (CCC 2010; Raymer 2002) . Canola oil is used in the production of margarine and cooking oil due to its superior nutritional qualities, which include low saturated fat content and high levels of monounsaturated fat and omega-3 fatty acids. Rapeseed is also a source of oil extraction meal (Friedt and Snowdon 2009 ) which is used as animal feed due to its high level of protein. World production of rapeseed in 2009 was estimated at 61.6 million metric tons (UNFAO). By far the largest producers of rapeseed oil are China and Canada, with almost half of the world's rapeseed oil originating from these countries (UNFAO). Brassica napus varieties are also grown for the stem and leaves, which are commonly used in Eastern cuisine.
Brassica juncea has also been bred as an oilseed crop due to its ability to grow in semi-arid territories . The leaves and stem of B. juncea are commonly used in African and Asian cooking and the seeds are used to produce brown mustard. Brassica rapa is also grown as an oilseed, but is particularly popular in Asia as a cruciferous vegetable (e.g. chinese cabbage, bok choi, pak choi, turnips). Brassica carinata (Ethiopian mustard) is grown as an oilseed crop and leafy vegetable in Ethiopia, while B. nigra (black mustard) is grown as a condiment mustard seed. The most morphologically diverse cruciferous Brassica species is B. oleracea, which encompasses cabbages, broccoli, cauliflower and brussels sprouts.
Brassica napus genome sequencing
The decision of the Multinational Brassica Genome Project (MBGP) to sequence B. rapa has led to the accumulation of extensive production of B. rapa sequence data. The MBGP was initiated in 2002 as a collaboration between Brassica researchers around the world (Edwards and Wang, 2012) . The Steering Committee selected B. rapa as the first Brassica species to be fully sequenced due to its relatively small Brassica diploid genome (550 Mbp) and the availability of communal BAC libraries and mapping populations. The international project initially allocated chromosomes to groups in Australia, Canada, China, France, Germany, Korea, UK and USA. With the rapid development of second generation sequencing technology and the associated bioinformatics necessary for the assembly of short paired sequence reads (Imelfort et al. 2009a ), a strategy based on Illumina® whole genome sequencing was adopted. The first Brassica A, C and AC genomes to be sequenced were proprietary and produced by Bayer CropScience, BGI Shenzhen, Keygene N.V and the University of Queensland, Australia (http://tinyurl.com/Brassicagenome). A subsequent public A genome sequencing project was completed in 2011 (The Brassica rapa Genome Sequencing Project Consortium et al. 2011) . Additional international projects are ongoing to produce reference genomes for B. oleracea, B. napus, B. nigra and B. juncea, and it is expected that these genomes will be complete in the next few years. Along with existing genomic data, the B. rapa reference sequence now provides a platform upon which diversity and genetic marker analysis can begin to unravel Brassica genome evolution and diversity with single-base resolution at the whole-genome scale .
Genetic markers
Over the past two decades, the development and implementation of molecular marker technology has given rise to a greater understanding of genetic diversity in Brassica crops, particularly B. napus. These markers have been a vital tool for mapping genes of agronomic importance with the goal of implementing marker-assisted breeding of elite crop cultivars Edwards and Batley 2008) . The plummeting cost of genome sequencing combined with significant advances in molecular biology and the rapid rise of novel bioinformatics approaches have made marker technology an invaluable and easily accessible tool in genome analyses (Duran et al. 2009c) .
The first marker technologies to play a role in Brassica mapping studies were protein and isozyme markers. Technological advances led to the development of restriction fragment length polymorphisms (RFLPs), followed by PCRbased markers such as randomly amplified polymorphic DNA (RAPD) and amplified fragment length polymorphisms (AFLP) markers, which contributed greatly to the first linkage maps in Brassica crop species (Snowdon and Friedt 2004) . The next successful system was simple sequence repeat (SSR) marker technology, also known as microsatellite markers. SSR markers allowed simple, reliable and relatively inexpensive amplification of highly polymorphic microsatellite DNA repeat sequences Hopkins et al. 2007 ).
Single nucleotide polymorphisms (SNPs)
Single nucleotide polymorphisms (SNPs) are currently one of the most popular markers for the fine mapping of heritable traits . SNPs are single nucleotide differences between the DNA sequences of individuals in a population. There are three categories of SNPs: transversions (C/G, A/T, C/A and T/G), transitions (C/T or G/A) and insertions/deletions, also known as indels. Most SNPs at any given site are bi-allelic, although tri-allelic and tetra-allelic SNPs also exist.
The high heritability of SNPs makes them an excellent indicator of genetic diversity and phylogeny in crop species with ancient genome duplications, such as B. napus. Studies have shown that B. napus has a SNP every 600 base pairs of the genome (Edwards et al. 2007c; Fourmann et al. 2002) . Given the ~ 1 Gb size of the B. napus genome, this would equate to ~ 1.7 million SNPs. This allows for the construction of high-density genetic maps which can provide a scaffold to map undesirable, as well as agronomically important, genetic traits (Duran et al., 2010a; Edwards and Batley 2004; Edwards et al. 2007d ).
Genic vs genomic SNPs
The usefulness of SNPs for various applications depends on their genomic location and environment. Genic SNPs are those that have been identified within expressed sequences, most commonly from available EST databases (Duran et al. 2009d; Love et al. 2005; Love and Edwards 2007; Love et al. 2004 ) and, more recently, next generation transcriptome sequencing data (e.g. mRNAseq) Edwards 2007) . These SNPs can be synonymous, resulting in the same amino-acid being translated, or non-synonymous, where a different amino-acid is incorporated into the resulting gene product. Non-synonymous SNPs within transcribed genes can be responsible for phenotypic change, whereby they alter protein structure or function to affect an organism's development or response to environment. Such SNPs that are linked directly to gene function and quantifiable phenotypic change are known as 'perfect' markers.
Due to their location, genic SNPs have an increased likelihood of being deleterious, or associated with a fitness cost for an organism. Genic SNPs are often selected against, which can be observed by the lower frequency of nonsynonymous to synonymous base changes in gene regions. SNPs also tend to be more frequent outside of transcribed regions due to the increased 5-methylcytosine (5meC) abundance, resulting in a greater likelihood of C to T mutations over evolutionary time due to amplified cytosine deamination (reviewed in Edwards et al. (2007b) ).
The accessibility and redundancy of transcriptome information relative to whole-genome NGS data means that genic SNPs have contributed the majority of genotyping work in B. napus to date (Durstewitz et al. 2010; Trick et al. 2009; Westermeier et al. 2009 ). The exclusive use of genic SNPs does, however, pose some problems. The evolutionary constraints on genic sequences relative to non-coding regions means that analysis of genic SNPs from EST and transcriptome data can lead to an underestimation of true SNP number, providing reduced resolution for genetic diversity studies (reviewed in Edwards et al (2007b) ). Furthermore, the use of genic SNPs increases the number of false SNP predictions, especially in polyploid species, as ESTs or NGS transcriptome reads that originate from different homoeologous (between genome) and paralogous (within genome) loci are difficult to differentiate from intervarietal sequences. When using EST data this effect can be minimised by predominately using SNPs found within the 3'-end of ESTs, corresponding to more variable 3'UTR sequences (Bhattramakki and Rafalski 2001; Bhattramakki et al. 2002; Ching et al. 2002) .
In B. napus, EST data derived from the phenotypically and genetically divergent cultivars Tapidor and Ningyou7 (Qiu et al. 2006 ) was used to generate 41 593 putative allelic polymorphisms over 15 626 unigenes (Trick et al. 2009 ). This study found that homoeologous transcripts from the A and C genomes may both be expressed, and differ by an average of only 3.5% (Trick et al. 2009 ). Moreover, the majority of SNPs (87.5-91.2%) detected in the NGS transcriptome data were 'hemi-SNPs' arising from transcription of homoeoloci. The existence of these duplicated loci, and even of highly conserved gene family members, can greatly compromise the applicability of genic SNPs to downstream applications such as association mapping and LD studies ).
An additional consideration in the use of genic SNPs is the bias resulting from the choice of tissue(s) used to generate transcriptome libraries, as not all genes are uniformally spatiotemporally expressed. Moreover, by their nature genic SNPs are limited to actively transcribed or gene-rich regions of the genome. Although a number of data analysis algorithms attempt to normalise for transcript level differences (e.g. Trick et al. (2009) ), such differences may prevent identification of SNPs associated with lowly expressed agronomically important genes.
With the recent advances in whole genome sequencing (WGS) technologies, the identification and use of genomic SNPs in B. napus is becoming more and more popular and accessible ). Genomic SNPs, by nature, can be identified from any sequenced region in the genome, and, given that non-coding regions are less likely to be conserved within and between genomes, minimise problems of gene or genome duplication. Furthermore, the majority of genomic SNPs are evolutionarily neutral, whereby they are free of selective pressures such that their abundance in a population depends on random genetic drift, allowing a more complete estimate of diversity levels .
Nonetheless, genic SNPs have their advantages. Validated SNPs specific for different paralogues enable allocation and comparison of the specific genomic locations of multigene family members (Edwards et al. 2007d; Love et al. 2006b ). Moreover, the relatively high sequence redundancy and genotype diversity represented within EST databases, combined with the ability to associate identified SNPs to an expressed gene sequence, means these databases remain a rich resource for identifying biologically useful SNPs Edwards et al. 2009; Edwards et al. 2007d; Lorenc et al. 2012; Picoult-Newberg et al. 1999) . SNPs that are linked to traits under selection are highly valuable for identifying genetic loci that contribute to phenotypic variation based on linkage disequilibrium (LD). In all, the ability to identify a large number of unique, genome-specific SNPs, including both randomly distributed and trait-linked SNPs under selective pressure, greatly enhances the applicability of SNPs to biological outcomes (Duran et al. 2009b) . With the availability of the Brassica A genome sequence (The Brassica rapa Genome Sequencing Project Consortium et al. 2011 ) and the Brassica B and C genomes currently being assembled, as well as the B. napus reference genome, it will soon be possible to rapidly validate unique SNPs within B. napus.
SNP discovery pipelines
Sequence-independent SNP discovery Prior to the availability of large sequence databases, methods for SNP discovery were relatively low-throughput and did not require prior sequence knowledge. SNPs were detected using either 1) recognition of restriction enzyme site differences, 2) DNA conformational changes or 3) TILLING (Targeting Induced Local Lesions in Genomes). In 1), SNPs are identified as a single base change in a restriction enzyme recognition site, detected by analysis of fragment size and number after restriction enzyme treatment. A number of molecular markers utilise this method of SNP discovery to produce polymorphic alleles, including restriction fragment length polymorphisms (RFLPs), cleaved amplified polymorphic sequences (CAPS) and derived cleaved amplified polymorphic sequences (dCAPS).
In method 2), properties conferred by DNA sequence differences (e.g. SNPs) allow for discrimination by electrophoresis under certain experimental conditions. Methods using DNA conformational differences for SNP discovery include temperature gradient gel electrophoresis (TGGE) and denaturing gradient gel electrophoresis (DGGE), which rely on temperature and chemical gradients to denature DNA molecules. Single strand conformation polymorphisms (SSCPs) and heteroduplex analysis, which rely on the conformational properties of single stranded DNA and non-identical double-stranded DNA respectively, may also be used to identify SNPs using conformational differences.
The third means of SNP detection in early studies was TILLING, a reverse genetics approach allowing identification of mutations within a specific gene in either natural or mutagenised populations. In TILLING, sequence deviation from a reference sample is detected using a mismatchspecific enzyme. In mutagenised populations, the reference sample is usually the wild type, and in natural populations (EcoTILLING) the reference sample is chosen by the researcher. Base changes (SNPs) may be reliably detected using either method.
The role of sequencing in SNP discovery While SNP discovery methods that are not reliant on knowledge of the sequence can give an indication of SNP presence and genetic diversity, separate sequencing steps are required to determine the actual bases present. Early endeavours in genome sequencing often used the BAC by BAC approach, utilising bacterial artificial chromosomes (Mun et al. 2010) . In this approach, a library of large genomic fragments (around 120 000 bases) is maintained within bacterial artificial chromosomes. Portions of these large genomic fragments where sequences overlap were used to construct chromosomal sequences. Individual SNPs in a particular region may also be detected using the sequencing of PCR amplicons, either of random amplicons or of amplicons where SNP variation has already been assayed by one of the aforementioned non-sequence-based methods. SNPs can be identified in SSR flanking regions (Mogg et al. 2002) , allowing conversion of SSR to SNP markers and providing a valuable source of novel SNPs. Computational methods have been applied to discover large numbers of SNPs from expressed sequence databases (Barker et al. 2003; Batley et al. 2003a ).
Next-generation sequencing and SNP discovery
The advent of next generation sequencing (NGS) technologies, first commercialised in 2005, significantly decreased the cost of whole genome sequencing (Imelfort and Edwards 2009; Imelfort et al. 2009b ). This technological advance also enabled the detection of SNPs in a high throughput manner. The initial Roche NGS system (GS20) was capable of sequencing over 20 million base pairs (as 100 bp reads) in just over four hours. Since then sequencing capacity has increased, resulting in both higher read lengths and greater overall sequence output. Once a genome sequence has been assembled, it is easier to perform re-sequencing of other individuals of the same species, as sequence reads can easily be mapped to the assembled reference genome. Another NGS platform, the Illumina® GAIIx, was used to generate more than 50× coverage of the B. rapa genome (The Brassica rapa Genome Sequencing Project Consortium et al. 2011). Re-sequencing can be used for the discovery of sequence variation, especially SNPs, on a genome-wide scale, and more than 1.5 million B. napus SNPs have so far been identified using this approach (D Edwards pers. Comm.).
Sequence variation discovered using next-generation sequencing efforts requires validation to ensure that the variation was not caused by an error during the sequencing or assembly stages, or by the mis-mapping of NGS reads associated with increased ploidy or multigene families. While higher read depths can provide some level of confidence, it may not always be economical to sequence enough individuals to supply the required depth. Polymorphisms present in only one read are usually disregarded, with a redundancy of two or more reads favoured to diminish the impact of sequencing errors.
Problems posed by crop genomes
Most endeavours in genome sequencing and detection of genetic variation are directed towards crop improvement. Unfortunately, crop species frequently have very large, complicated and often polyploid genomes, such as allohexaploid wheat (Triticum aestivum), allotetraploid canola (B. napus) and sugarcane (Saccharum sp.) with 2n = 100 to 130 chromosomes. While genome size of itself is a hindrance, the complexity originating from the amplification of repetitive elements, as well as whole or partial genome duplication, impedes sequencing efforts. SNP discovery subsequently also relies on higher coverage to ensure confidence in the SNP detection. One way to combat these issues is to apply reduced complexity sequencing approaches that focus on a select portion of the genome rather than the complete genome.
One approach to simplify the process of SNP calling is to attempt sequencing of only a portion of the genome rather than the whole. Expressed sequence tag (EST) sequencing can be a useful tool in simplifying sequencing and gene discovery, narrowing the analysis to genic SNPs. However, SNPs derived from EST data may still be problematic due to gene and genome duplication. An alternative methodology for selecting a portion of the genome to be sequenced is sequence capture. In this method, probes are designed based on a reference genome to "capture" large contiguous or separate genomic regions of interest, enriching a DNA sample for sequencing. Another strategy that is suitable for the large, allohexaploid bread wheat genome has been to isolate individual chromosome arms and sequence these separately. This approach eliminates the majority of the homoeology resulting from multiple genomes as well as decreasing the effective genome size and complexity, and has been used successfully to sequence several chromosome arms of bread wheat (Berkman et al. 2012a; Berkman et al. 2012b; Berkman et al. 2011; Hernandez et al. 2012; Lai et al. 2012) . Genomic complexity in polyploid crops such as B. napus can also be reduced for SNP discovery using the CRoPS system (complexity reduction of polymorphic sequences). This approach combines AFLP fingerprinting with next generation sequencing, and has been utilised for SNP discovery in maize (Orsouw et al. 2007 ).
Discovery tools -in silico SNP prediction
Bioinformatics applications that make viewing and interpreting the large volume of data created by next generation sequencing easier have become necessary (Lee et al. 2012; Marshall et al. 2010 ). For SNP discovery in particular, the level of genome coverage required for confident SNP calling creates a large amount of sequence data that must be handled and interpreted. Bioinformatics applications available for viewing this data include Tablet (Milne et al. 2010) , MagicViewer (Hou et al. 2010) and Geneious (Drummond et al. 2011) . SGSautoSNP (Second Generation Sequencing autoSNP) is an application designed specifically to predict SNPs from whole genome Illumina® shotgun sequence data. This predictive software has been successfully applied to identify more than 1.5 million SNPs in canola, with accuracy greater than 95% (D. Edwards, pers. comm.).
New sequencing and genotyping technologies
The technologies described above are collectively called Next-Generation Sequencing or Second-Generation Sequencing. The advent of further advances has necessitated the need for the terms Next-Next-Generation or Third-Generation Sequencing methods. These terms refer to technologies that utilise 'single-molecule' sequencing (SMS).
Developments that allow for higher indexing levels of sequencing libraries have further decreased the cost of sequencing, as more samples are able to be pooled in the same lane (currently up to 96-fold pooling is available using the NextFlex and Nextera kits). In addition to cost saving, this has allowed for the development of the technique known as Genotyping-By-Sequencing. This technique involves low coverage sequencing of larger groups of samples such as mapping populations, producing an efficient means of large-scale genotyping (including SNP discovery).
The Illumina® GoldenGate and Infinium assays provide excellent utility in SNP screening and detection of genetic variation for both research and breeding purposes (described in more detail below). Last year, an international consortium was established in B. napus to design and fund the development of a public high-density (50K) Illumina® Infinium SNP array. SNP sequence data contributions from international research partners in Australia, Europe, China, North America and South America are expected to lead to the production of this chip mid-2012, with a per-sample expected cost of less than US$100. This development is expected to facilitate association mapping studies, breeding efforts and studies of global gene expression networks in canola, paving the way for predictive breeding (Stokes et al., 2010) and genomic selection (Cowling and Balázs 2010) in this agriculturally important crop species.
High throughput and large scale genotyping technologies
The methods used to genotype SNPs depend largely on the technology and sequence information available. The end-use is determined by the density and location of the SNPs in the genome, their level of polymorphism in the populations of interest, and their ability to be genotyped across multiple individuals rapidly and cost-effectively.
As discussed above, the most important consideration when identifying and genotyping SNPs in B. napus is being able to distinguish genome-specific SNPs within the complex allotetraploid genome. Most current and highthroughput methods of SNP genotyping require some knowledge of the SNP and surrounding sequence, although traditional SNP detection techniques were independent of sequence information. These techniques were valuable for genetic mapping and assessing genetic diversity in species where limited sequence information was available. Where sequence data is available, PCR-based methods such as SNuPE (Single Nucleotide Primer Extension), involving amplification and allele-specific extension of SNP target regions with fluorescently labelled primers followed by screening on polyacrylamide gels, can be used for phosphorimage visualization and quantitation of SNP allele across a large sample set (Batley et al. 2003b) . With the declining costs and increasing accessibility of next generation sequencing and genotyping assays, these technologies have been largely superseded by high-throughput genotyping assays such as Amplifluor (Serological Corp.), the Affymetrix Genechips, and the SNPlex, TaqMan and SnaPshot assays from Applied Biosystems (Appleby et al. 2009 ). Most recently, Illumina® has introduced the Goldengate and Infinium high-throughput genotyping assays (Fan et al. 2006) .
Illumina® Goldengate Assay
The Illumina® Goldengate assays can be designed for any species with user-defined sequence information. It involves multiplex, loci-specific PCR amplification followed by an allele-specific primer-extension and ligation reaction using red or green fluorescently labelled primers to distinguish between biallelic SNPs. Reactions are carried out on BeadChip multi-sample arrays and allele-specific fluorescence is detected using an iScan system or a BeadArray Reader produced by Illumina®. These Beadchips can genotype up to 32 samples simultaneously for a maximum of 3072 SNPs. Any number of samples can then be genotyped in multiples of 16 depending on the number of chips purchased, with the potential to generate over 300 000 genotypes in six hours of labour.
In Brassica the Illumina® Goldengate assay has been used to successfully screen 384 SNPs identified between B. rapa cultivars "chiifu" and "kenshin" across their doubled haploid (DH) mapping progeny, as well as a diverse set of wild and cultivated Brassica species (J. Batley pers. com.). Of the 384 SNPs screened, 338 (88%) of the alleles could be reliably discriminated between members of the mapping population and diverse Brassica species, with species clearly segregating into expected genome groupings following phylogenetic analyses (J. Batley pers. com.). These SNPs were also anchored to the recently released Brassica rapa genome sequence (The Brassica rapa Genome Sequencing Project Consortium et al. 2011) to assist in genome contig orientation and assembly. Additional work in B. napus used the Goldengate assay to screen 360 accessions with SNPs identified from EST data (Durstewitz et al. 2010) . Approximately 84% of these SNPs produced clear genotypes with good cluster separation and peak intensities, with 46% demonstrated to be polymorphic in a panel of 90 winter oilseed rape lines. The majority of the identified SNP markers are expected to provide a useful resource for genetic mapping and genetic analyses (Durstewitz et al. 2010) .
Illumina® Infinium HD Assay
The Infinium assay is similar in principle to the Goldengate assay, but uses improved chemistry to cater for a vastly increased SNP number. In this assay, the PCR and extension-ligation steps are replaced with whole genome amplification and an allele-specific hybridisation and extension step. Custom Infinium chips can be purchased for any species of interest to genotype from 3000 to one million SNPs simultaneously. The number of samples accommodated per Infinium BeadChip is determined by the size of the assay, with 4, 12 and 24 samples able to be assayed simultaneously with up to one million, 250 000 and 90 000 SNPs respectively. The Infinium® II assay was recently released, and permits genotyping of an unlimited number of SNP loci simultaneously. As introduced above, a custom chip for B. napus has been designed to screen 50 000 genome-specific SNPs simultaneously. This chip will be available to the general research community to support a multitude of research applications, including physical SNP mapping for validation of current B. napus de novo genome sequencing and assembly efforts, Brassica evolutionary and diversity analyses and trait association/ mapping assays.
Biological applications of SNPs
In B. napus, as for many plant species, SNPs are becoming increasingly popular as genetic markers, traversing the fields of pure genetics research to applied agriculture and plant molecular breeding. The low mutation rate of SNPs makes them valuable for understanding complex genetic traits and genome evolution (Syvänen, 2001) . Specifically, SNPs are excellent genetic markers for high-density genetic map construction, physical ordering of chromosome contigs, QTL mapping, association and linkage disequilibrium (LD) studies, and comparative and evolutionary genomics analyses. Moreover, SNPs can be applied to genetic diagnostics, germplasm identification and marker-assisted selection for breeding programs in agriculture. These applications are explained in more detail below.
Mapping, fine mapping and QTL
The abundance of SNPs and their ability to be discovered and genotyped rapidly and with high throughput makes them valuable markers for genetic mapping. SNPs identified within ESTs or transcriptome NGS data also permit estimates of allele frequencies and allelic association with phenotypes of interest. Quantitative trait loci (QTLs) in crops are regions of the genome that have been associated with traits of agronomic importance through traditional genetic mapping. Genetic mapping involves screening genetic markers in populations derived from two genetically diverse parents in order to link these markers to quantified segregating phenotypic characteristics. QTLs of importance for the canola industry include those for oil yield, oil quality, disease resistance and pod shatter tolerance amongst many others (Kaur et al. 2009; Pilet et al. 1998; Qiu et al. 2006; Smooker et al. 2011) .
Once QTLs have been physically assigned to a region on the genome sequence, identifying and genotyping SNPs in these regions enables fine-mapping, or extremely high density mapping, of the QTLs (Choi et al. 2007) . SNPs found to be associated with genes are then candidates for qualitative or quantitative trait nucleotides (QTNs), also called perfect markers, whereby different alleles are causally related to phenotypes. This enables the identification of candidate causal loci for further in vitro validation. This strategy is currently being applied to the discovery of genes required for resistance to the major fungal pathogen of canola, Leptosphaeria maculans, causal agent of blackleg disease (Hayward et al. 2012) . Perfect markers also facilitate the development of assays for rapid screening of germplasm for genetic selection, or marker-assisted breeding.
Association genetics and linkage disequilibrium studies
Linkage disequilibrium (LD) occurs when regions of the genome are inherited together at a frequency that is higher than that expected based on recombination. LD implies a relationship between these 'linked' regions. SNPs in species with moderate or high LD can be found as SNP haplotypes, which are comprised of a number of 'linked' SNP alleles that are always found in particular allelic combinations. These may extend over the length of genes or gene clusters (Edwards et al. 2007d) . In this way just a small subset of SNPs may be required to define haplotypes, and these can be screened across breeding germplasm to provide a potentially powerful method for fast-tracking genomic selection, or for genetic improvement in breeding programs (Cowling and Balázs 2010) . In Arabidopsis, linkage disequilibrium based on high density SNP maps is providing a powerful data set for evolutionary and association genetics studies (Atwell et al. 2010) .
Association genetics has become a favoured approach to identify trait-marker relationships within many species. In this method SNPs, or any applicable genetic markers, are screened across populations or a diverse collection of individuals in order to associate alleles with phenotypic traits of interest on the basis of historical recombination and linkage disequilibrium (Cardon and Bell 2001; FlintGarcia et al. 2003; Oraguzie 2007) . Therefore, for species with low levels of LD, association studies have the potential to produce very high map resolution (Neale and Savolainen 2004) . In B. napus there are collections of a small number of homozygous lines designated 'diversity fixed foundation sets', which aim to capture a large proportion of the genetic diversity available for the species (http://www.oregin.info/). With the availability of the 50K Infinium SNP chip for B. napus there will finally be a large enough collection of polymorphic markers available to undertake a genome-wide association approach for this important crop species, previously hampered by the polyploid nature of the genome (Duran et al. 2010b ).
Marker assisted selection
Marker assisted selection involves the use of molecular markers tightly linked to an allele for a trait of interest. These molecular markers may then be used as a proxy for this desirable phenotype, allowing selection of plants from a segregating population at an early plant growth stage. However, the main issue with this approach hinges on the suitability of the molecular marker in question. To be effective, a molecular marker must be tightly linked to the trait of interest (generally within 1 cM), and high throughput, highly reproducible screening methods must be available for that marker (Mohan et al. 1997) . This is often problematic, with many marker types showing either low polymorphism and/or poor genomic distribution (e.g. RFLPs) or poor reproducibility (e.g. RAPDs). Microsatellite (SSR) markers were the most polymorphic, reproducible markers available before the advent of SNPs, but are rarely found in genes (Hong et al. 2007; Mohan et al. 1997) . Hence, the linkage between the marker and trait may not be very tight, and recombination could still act to cleave this linkage in some individuals in the population. SNPs however are by far the most prevalent form of genetic variation in the genome (Ching et al. 2002) , and are quite often directly responsible for the allelic variation in the phenotypic trait of interest. Hence, the use of SNPs for marker-assisted selection offers two major advantages: firstly, obtaining a tightly linked SNP to a trait of interest is easier than obtaining any other form of molecular marker; and secondly, some of these SNPs may be causative agents for the trait, or "perfect" genetic markers for the phenotype.
In B. napus, marker assisted selection has been used for several different purposes, including selection of intervarietal substitution lines (Howell et al. 1996) and enrichment of genomic introgression lines (Zou et al. 2010) , selection for major gene disease resistance (Chèvre et al. 1997) , selection of yellow seed coat colour (Somers et al. 2001) , selection for restored male fertility (Hansen et al. 1997 ) and improvement of oil quality (Tanhuanpää et al. 1995) . These studies were predominantly carried out using SSRs and RAPDs, although more recently SNPs have also been utilised in marker-assisted selection for oil quality (Rahman et al. 2008) . However, SNP markers offer greater versatility and utility than other marker types (Snowdon and Friedt 2004) , and with the advent of whole genome sequence data and public SNP availability in B. napus, SNPs provide the future of marker assisted canola breeding.
Genetic diversity
Within Brassica, and within the six agronomically important U's Triangle species in particular (U 1935), there is great scope for crop improvement via wide hybridisation and introgression of genetic diversity from wild relatives (Chen et al. 2011) . Brassica napus in particular is a recent allopolyploid resulting from only a few hybridisation events between progenitor species B. rapa and B. oleracea, and hence contains only a fraction of the genetic diversity present in these diploid relatives (Song and Osborn 1992) . Furthermore, rapeseed as a crop has undergone significant reductions in genetic diversity as a result of breeding canola quality oil for human consumption (Cowling 2007) .
This lack of genetic diversity creates a major problem for breeding and selection for crop improvement of canola. As well, the large blocks of linkage disequilibrium in canola due to genetic bottlenecks and homozygosity in breeding populations create further problems for breeders. Regions of high LD create linkage drag whereby desirable alleles are inextricably linked to undesirable alleles, and have a strong negative influence on the utility of genetic markers for gene identification and marker assisted selection (Flint-Garcia et al. 2003) . SNP markers, as the most common form of genetic variation across the genome, are highly useful in identifying regions of LD as well as regions of low genetic diversity. In the case of genetic introgressions from wild relatives or the diploid progenitor genomes into canola, SNP markers may be used to track chromosome segments and to select for recombination events that break up regions of high allelic LD, on a much finer scale than possible using other forms of molecular marker variation (Fourmann et al. 2002) .
Comparative genomics
The Brassicaceae family is in a uniquely favourable position for studies of comparative genomics (Hopkins et al. 2006) , containing a large range of species distributed globally as well as model plant Arabidopsis thaliana and the agriculturally significant Brassica genus (Hong et al. 2006; Lim et al. 2007; Love et al. 2006a; Lysak and Koch 2011) . Whole genome sequencing projects planned for the Brassicaceae in the immediate to near future will enable SNP discovery on an unprecedented scale, allowing fine mapping and tracing of evolutionary events on a scale ranging from whole genome to chromosome to sequence evolution over time. Phylogenies in the Brassicaceae are still a matter of some dispute, partly due to the recurrent polyploid and hybridisation events which have characterised this family (Lysak and Koch 2011) . However, use of SNPs for high-throughput evolutionary analysis is expected to allow the origin and timing of whole genome duplication and hybridisation events and chromosome rearrangements to be determined, along with elucidation of ancestral karyotypes in the Brassicaceae (Schranz et al. 2007 ). As mentioned above, early high-throughput SNP genotyping efforts across the Brassicaceae suggest that this family is amenable to large-scale cross-species SNP genotyping assays, even using SNPs derived from only a few sequenced species or cultivars (J. Batley pers. com.).
Conclusion
The applications of SNPs to the study of complex crop genomes, including B. napus, are manifold. With rapid advancements in next generation sequencing and genotyping technologies, there are likely to be a number of landmark discoveries in the near future, with potential to greatly broaden our understanding of crop genome evolution and capacity for agricultural improvement. With the development of massively multiplexed sequencing assays, such as 'genotyping by sequencing', SNPs will continue to provide an invaluable resource for B. napus biologists and breeders alike due to their abundance, amenability to high-throughput screening and relative ease of discovery and downstream analyses.
